the device. The design principle and technology can contribute to biomedical sensing and point-of-care clinical applications including pathogen detection and cancer diagnosis and prognosis.
In recent years, nucleic acid detection and quantification technologies have attracted significant research interests, 1 and the field has progressed and evolved remarkably.
Current nucleic acid detection and quantification technologies include PCR-based amplification assay, next generation sequencing, and hybridization-based microarray. 2 PCRbased assay and next generation sequencing are generally more sensitive than microarray techniques. Most PCR-based assays such as quantitative real-time PCR produce only semiquantitative results, and are not high-throughput. 3, 4 Next generation sequencing has high infrastructural cost and is less ideal for quantitative purposes due to the nature of amplification bias. 5 In comparison, microarray can provide the point-of care capability with its amplification-free process, high throughput, and significantly lower infrastructural cost. 5, 6 However, existing microarray assays are often criticized for their low sensitivity, relatively low dynamic range (4 orders), 2, 7 long hybridization time (16-48 hours), 8 and less than desired accuracy and reproducibility. 2 Recent innovations in microfluidic technologies with pico-liter resolution has enabled new technological breakthrough in molecular detection and single cell analysis. For instance, digital PCR platform has enabled an unprecedented theoretical sensitivity limit capable of single DNA molecule detection, 9 and a micro-fluidic system with sub nano-liter chambers was able to perform integrated cell capture and subsequent RT-qPCR analysis at single-cell resolution. 10 To improve the current state of hybridization-based assays, we investigated the benefit of combining microarray platform with pico-liter technologies rooted in a quantitative biophysical model. Recent works of microarray biophysics focuses on how thermodynamic energy state leads to changes in the hybridization equilibrium 11 .
For instance, electrostatic interactions between DNA target and surface probes 12 , twodimensional hybridization kinetics 13 , and salt concentration of hybridizing buffer 14 have all been modeled. Although these studies produce physical insights and improve our understanding of the process in the microarray, there is a lack of direct and clear connection between the theoretical investigations and device designs to produce a quantum leap in device performance needed for key application areas such as point-of-care in-vitro diagnosis. Also at least part of the reason is that in the previous models, whether being molecular dynamic, thermodynamic, or continuous models, the important scaling rule of the reaction chambers (i.e. length scale of the array element) has been largely overlooked. In this work we develop a model that is simple but includes the essential physics to show, in a closed form solution, the significance of the length scale in the microarray not only in its reaction kinetics (reaction time) but also its steady-state hybridization efficiency. The scaling rule we first developed here provides a direct recipe for enhancing the hybridization kinetics and above all, hybridization efficiency, which is key to the sensitivity and repeatability of the tests. Following the scaling rule, we have demonstrated oil encapsulated pico-liter droplets for DNA hybridization and obtained greater than 60% hybridization efficiency in less than 5 minutes on a solid surface in spite of the effects of Coulomb repelling and steric hindrance.
In order to verify the scaling rule for microarrays, we developed a self-assembled picoliter droplet microarray system that offers precise volume control at the pico-liter level and precise target concentration control. Our device is composed of hydrophilic SiO 2 patterns surrounded by a super-hydrophobic, black silicon surface. Pico-liter nucleic acid samples are self-assembled on the device surface for hybridization after oil encapsulation. To handle samples of extremely low initial concentration (e.g.10fM down to 50aM), nucleic acid samples are enriched via rapid evaporation on our device followed by droplet selfassembly. We have demonstrated that our hybridizing efficiency is independent of the initial sample volume due to efficient enrichment. Within each pico-liter droplet, the hybridization reaction proceeds to completion rapidly due to the reduced volume, resulting in accelerated hybridization time. By reducing the liquid height and target concentration, we have demonstrated up to 67.5% hybridization efficiency and a detection limit at 570 DNA copies. Since our focus here is on the design of amplification-free sample enrichment and hybridization process, we have used biotin-labeled nucleic acid targets and quantum dot labels to prove the concept of absolute quantification. However, this platform technology can be used with any prevalent labeling and detection methods such as sandwiched assays.
Past works on reduced-volume microarray design have been modestly successful with demonstrated sensitivity ranging from 100fM 15 to 100 picomolar (pM) 16 . Recently, De Angelis et al. 17 have demonstrated the feasibility of target enrichment on superhydrophobic surface; and our previous work in a similar approach has shown a sensitivity of 100 fM and 300,000 copies, a dynamic response range of 2 orders of magnitude, and hybridization time of 30 minutes. 18 In this paper, however, we focus on reducing the length of the hybridization to achieve enhancement in detection limit environment as suggested by the physical model. The result of this approach is a quantum leap in many key metrics of device performance critical to point-of-care applications compared to the previous works.
In particular, the pico-liter droplet microarray platform is suitable for point-of-care applications that detect and quantify short nucleic acids. Clinically relevant short nucleic acids biomarkers such as viral and bacterial DNA fragments are routinely used to diagnose infectious diseases such as tuberculosis (TB), human immunodeficiency virus (HIV), methicillin-resistant staphylococcus aureus (MRSA), and group B streptococcus (GBS). 4 Other clinically relevant short nucleic acids include microRNAs, which are 18-23 nucleotides long regulatory RNAs and can be extracted from plasma, serum, tissue, and cells. 2 Recent studies have shown that mircoRNAs can be effective biomarkers for central nervous system injuries, 19 cardiovascular diseases, 5 and cancer diagnosis and prognosis. 3, 6, 20, 21 Most microRNAs studies on cancer and cardio-vascular diseases report microRNA concentrations from 1 fM to 1 pM. [22] [23] [24] [25] [26] With a detection limit of 50 aM and 570 copies and 6 orders of magnitude dynamic range without sample amplification, our device holds promise for point-of-care diagnosis of infectious diseases, cancers, brain injuries, and other diseases from short DNA fragments and microRNAs.
RESULTS AND DISCUSSION

Droplet Self-assembly Workflow
We have used the super-hydrophobicity properties of black silicon to form an array of self-assembled droplets on the patterned hydrophilic islands as hybridization sites. The process supports highly parallel tests and exhibits precise droplet height and volume control, ultrahigh enrichment of target concentration, and efficient target hybridization with the probes. surrounded by super-hydrophobic black silicon ( Fig. 1-A) . DNA probes are chemically cross-linked to SiO 2 patterns. Next, pico-liter droplets containing DNA targets can be formed on SiO 2 patterns by target enrichment (Fig. 1-B-i) . Solution that contains the DNA target (e.g. DNase-free deionized water from the eluate of DNA extraction kits) is added onto the device surface to allow accelerated evaporation at elevated temperature that can also denature any dsDNAs or the high-order structure of RNAs. Near the final stage of evaporation, the remaining solution forms droplets that are self-aligned to the SiO 2 patterns. As the droplets shrink and dry up, all target DNAs are condensed to the SiO 2 surface. Next we resuspend the condensed target DNAs in self-assembled droplets of hybridization buffer (5X Saline Sodium Citrate (SSC)) by dipping and withdrawing the sample from the buffer solution ( Fig. 1 
-B-ii).
The target enrichment process can be carried out for pattern diameter size of 400, 200, and 100-m, and forms uniform sized droplets determined by the respective pattern μ diameter. Target concentration increases dramatically in the target enrichment method.
After formation of the pico-liter droplets ( Fig. 1-B- iii), the device is immersed in oil and heated to undergo target-probe hybridization within the oil-encapsulated droplet chambers. After wash, the hybridized target DNAs with the specific probes are labeled with quantum dots to allow detection of individual binding events to detect the presence and abundance of the DNA markers ( Fig. 1-C) . Linking quantum dots to hybridized DNAs is a standard step that is performed routinely. Since the main focus and contribution of our work is to validate that high target/probe hybridization efficiency can be achieved with a wide range of initial sample volume by scaling down the liquid height or droplet volume, we have applied streptavidin-biotin binding to link quantum dots to those hybridized DNA molecules. The same concept and process flow can be applied to other labeling and signal readout techniques based on, for instance, sandwiched assay 27 or electrochemical readout.
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Sensitivity from Samples of Different Concentrations & Accelerated Hybridization
Since target enrichment is incorporated within our droplet self-assembled workflow, droplets, giving rise to an enrichment factor of 1,000 and 200,000 times, respectively. These 2 enrichment ratios translate directly into the sensitivity curve observed: 1 mL and 5 L μ initial volumes correspond to sensitivity curves covering 50 aM to 500 fM and 10 fM to 100 pM DNA target concentration (Figure 2-B) . DNA target concentration provides important biologically relevant information, and thus a wide concentration dynamic range is desired.
On a log-log plot, both 1 mL and 5 L initial volume sensitivity curves display a linear μ relation between the quantum dot binding signal and the DNA target concentration, incubating the nano-droplet array for various amount of time (Fig. 2-D) . After 5 minutes of hybridization, the reaction is completed since the binding efficiency ceases to increase with time.
Physical Model and Scaling Rule for Hybridization in Microarrays
In order to improve the detection limit below 30,000 copies of DNA target, we need to increase the hybridization efficiency significantly from the current level of 3%. In the following we investigate the hybridization reaction in microarrays by establishing a physical model. In the simplified 1-D model that captures all the essential physical effects, the model yields an analytical relationship between hybridization efficiency and droplet height, which turns out to be the most important and controllable parameter to the device performance. Assuming the number of DNA probes anchored to device surface is much greater than the number of targets and choosing x as the distance from the probe surface into the solution, we can model target transport, surface hybridization, and duplex formation/dissociation in a one-dimensional model: (2) into (1), we obtain the transport equation:
Under the steady state assumption ( ∂n ∂ t =0 ) and using realistic approximations, the transport equation can be solved analytically to yield the target concentration profile:
From the concentration profile, hybridizing efficiency, η d , which describes the number of targets hybridized to probes out of the total number of targets, is formulated as: 
.5
Among all factors that determine the droplet size and shape, the parameter subject to the largest variation is contact angle that is determined by the interfacial energy and shows properties of hysteresis. 29 Since both solution cohesion and surface adhesion forces are material properties that vary only with the purity of solution, SiO 2 and black silicon surface consistency, and temperature, the contact angle of the nano-droplet is intrinsically uniform across the microarray.
Microarray Scaling Rule: Hybridization Efficiency Dependence on Liquid Height and Target Concentration
We will use experiment and physical model to investigate how the hybridization efficiency is affected by the target concentration and the liquid height which is linearly proportional to the diameter of the micro island. Here we will use target concentration as a parameter and vary the liquid height of self-assembled droplets by micro-island diameter. In (5), the term that contributes most to the effect is contained in the zeta potential of the probe surface. Under the given ionic strength of the hybridization buffer, we assume the zeta potential of the probe surface depends linearly on the density of the surface probe and the target/probe duplex as follows:
where A is surface zeta potential coefficient [V-m 2 ] and has a negative value since DNA carries negative charge in hybridization buffer. η d is the hybridization efficiency defined in (5), r is a weighting factor, related to the length ratio between the target and the probe. C T is the target concentration. L is the effective liquid height and linearly proportional to the pattern diameter for self-assembled droplets. Thus under the same target concentration, the magnitude of zeta potential for a self-assembled droplet increases linearly with pattern diameter. Substituting (6) into (5), we obtain the dependence of hybridization efficiency changes with the target concentration and the liquid height. ], the hybridization efficiencies in self-assembled droplets on different pattern sizes and under different target concentration are calculated (Fig. 3-C) . The model shows good general agreements with experiments in all the conditions, indicating that it can be used as an effective design tool to predict the effects of scaling for microarray platforms.
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Microarray Scaling Rule: Pattern Size Effect on Hybridization Efficiency and Sensitivity via Target Copy Number
The previous section shows the scaling effect under constant target concentration. In this section we will design experiment to investigate the scaling effect under given copy number of target within the droplet. This is important because in many in-vitro diagnosis applications, the samples contain a finite copy number of target and the device sensitivity is determined by the range and minimum number of copies it can reliably detect. While the model in the previous section (6) suggest that minimizing pattern size is the optimal option for all target concentration, this prediction becomes less relevant when we fix copy number instead of target concentration. Next we will show theoretically and experimentally how the hybridization efficiency or sensitivity depends on the pattern size for droplets that contain the same target copy number.
To model the effect of droplet geometry, we can represent the zeta potential of the probe surface in an alternative form from (6) as the following:
where N T is the total copy number in the droplet, R is the radius of pattern. Moreover, we also correlate average liquid height calculated by the spherical cap geometric mean with pattern radius as the following:
where L Max is the apex height ,and θ=43.5° is the contact angle of target solution on
Subsituting (7) and (8) into (5), we obtain the dependence of hybridization efficiency on the target copy number and the pattern radius. volume/pattern size, three individual sensitivity curves can be generated in tandem to give a dynamic range of 6-orders of magnitude and a detection limit of 570 copies.
From equations 5, 7, 8, the hybridization efficiencies in self-assembled droplets on different pattern sizes and under different target copy number are calculated (Fig. 4-A) .
Again the calculations agree well with experimental results. Note that for large target copy number ( >10 5 ), our model shows that the magnitude of zeta potential is reduced with increasing pattern diameter. Thus a larger pattern will give rise to greater hybridization efficiency because of the weaker Coulomb repelling force. However, in most applications what people are most concerned with is the hybridization efficiency when the target copy number is low since this determines device sensitivity. In such situations, the zeta potential is predominantly determined by the density of surface probes, and the more critical effect occurs in the effective liquid height (L) in (5) . This leads to the conclusion that smaller patterns will give rise to higher hybridization efficiency when there are a low copy number of targets in the droplet.
Overall the optimal pattern size of choice depends on the sensitivity range of interest, as demonstrated experimentally in Fig. 4 -B with pattern size of 400, 200, and 100 m μ . In the cases of extremely low target copy number, which are relevant for infectious disease detection and microRNA quantification, the smaller pattern yields lower limit of detection.
We have recorded an unprecedented 67.5% hybridization efficiency for 570 copies of synthetic miR-205 mimic DNA on the 100-m μ patterns. Because of this quantum leap in hybridizing efficiency, we have advanced our detection limit from 30,000 down to 570 copies of DNA target. Furthermore, by combining the data across 400, 200, and 100-μm patterns in Fig. 4-B, we have also demonstrated a dynamic range of 6 orders of magnitude from 570-330 million copies of DNA targets. Lastly, a comprehensive evaluation of the nano-droplet microarray is addressed across many criteria including sensitivity, dynamic range, hybridization time, and throughput.
Compared to other recent microarray-based methods, our method shows significant improvements in turns of sensitivity, dynamic range, and hybridization time (Table 2) . While most other methods focus on improvements in nucleic acid chemistry, surface treatments, and microfluidic design, our oil-encapsulated, self-formed nano-droplet array relies on physical enrichment of DNA targets and accelerated hybridization kinetics due to its miniature droplet dimension. Above all, we attribute the marked performance improvements to experimental designs guided by a physics-based model that can quantitatively relate design parameters to device performance.
CONCLUSION
In this paper, we have developed a physics model that accounts for physical and chemical processes that may affect the reaction kinetics and hybridization efficiency, as guidelines for experimental design and performance optimization. When tailed to the self-assembled droplet geometry, the model provides a scaling rule to shed light on the effect of pattern size, the parameter that is most flexible and easiest to change. The design also supports onchip sample enrichment by evaporation and oil-encapsulated self-assembled droplets to form an array of hybridization chambers that are of uniform size and isolated from each other to minimize cross contamination and environment factors.
With patterned SiO 2 surfaces surrounded by black-silicon to form self-assembled picoliter droplets, the device has achieved 67.5% hybridization efficiency and detected and quantified DNA molecules ranging from 570 to 330 million copies, equivalent to a combined dynamic range of 6 orders of magnitude. Moreover, the reduced pattern size and the liquid height has shortened the DNA hybridization time from >10 hours in standard well plates to less than 5 minutes, and allowed for concentration sensitivity from <100aM to 100pM. Due to these attractive features, as well as potential advantages in cost and sample saving over existing platforms, we have demonstrated a unique nucleic acid detection system with superior performance for biomedical research and point-of-care applications.
MATERIALS AND METHODS
Device Fabrication
The 400,200, and 100-μm diameter circular patterns are formed on a mechanical grade silicon wafer by photolithography. The fabrication method is similar to our previous 
DNA probe immobilization
All three nucleic acid tested are listed in Table 3 . Following the device fabrication, SiO 2 island surfaces were coated with (3-Aminopropyl)triethoxysilane (APTES) and then functionalized with aldehyde. DNA probe and scrambled DNA probe (negative control)
were spotted on the SiO 2 islands via a crosslinking reaction between the amine 3'
modified DNA probe and the aldehyde functional group on SiO 2 surfaces. Raw images taken from the microscope were processed through haze reduction and black balance algorithms. Finally, the quantum dots remaining on the SiO 2 islands were counted using object size, connectivity, and intensity filters integrated in an object counter module included in the microscope software (BZ-II Analyzer). In principle, each quantum dot signifies a single DNA target hybridized with the probe, yet quantum dot residues might be left on the surface due to incomplete wash. The real signal in the sensitivity curves and hybridization time-series were expressed as the difference between the quantum dot counts with the DNA probe and with the scrambled DNA probe for the same target DNA (synthetic miR-205 mimic DNA) concentration. The hybridization efficiency data were calculated by dividing the real signal by the total number of synthetic miR-205 mimic DNA, calculated by multiplying partition concentration and droplet volume.
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